A new seismic design methodology is being proposed for floor diaphragms for various types of construction materials including wood diaphragms. The new design methodology introduces a design acceleration to keep diaphragm elastic under design-basis earthquake using a mode superposition method. On top of this elastic design acceleration, a force reduction factor is proposed in the design methodology by considering available diaphragm ductility capacity and possible post-yielding strain hardening. This article presents an analytical study to examine the relationship between the force reduction factor and the ductility demand for the wood diaphragm using nonlinear dynamic time history analyses. The maximum allowable diaphragm design force reduction factor is determined using the analytical results and available wood diaphragm test data. Recommendations are provided for selection of the force reduction factor for the wood diaphragm for the new design methodology.
Introduction
A new seismic design methodology is being proposed for floor diaphragms (Building Seismic Safety Council Committee (BSSC) IT6, 2014) . This design methodology covers various types of construction materials including wood, steel, reinforced concrete, precast concrete, and so on. By recognizing the deficiency of diaphragm seismic design in current code (ASCE 7-10, 2010) , the new design methodology proposes a rational mode superposition method (Rodriguez et al., 2002) to produce a design acceleration to keep diaphragm elastic under design-basis earthquake (DBE). However, this elastic diaphragm design acceleration is typically several times larger than that in the current code, which causes economic difficulty for construction practices. By considering the potential ductility capacity and post-yield strain hardening of the floor diaphragm, a force reduction factor is introduced in the new design methodology. This reduction factor allows the diaphragm to yield under earthquakes and to have a more economic design. The selection of the force reduction factors is dependent on the ductility demand under earthquakes, available ductility capacity, and postyield strain hardening for the floor diaphragm, which will be different for different construction materials.
The objectives of the article are to (1) establish the relationship between the ductility demand and the design force reduction factor for the wood diaphragm, similar as the one proposed for precast concrete diaphragm (Zhang and Fleischman 2015) . and (2) provide analytical research basis for the selection of the design force reduction factor for the wood diaphragm in the new diaphragm design methodology. The relationship between the ductility demand and the design force reduction factor is established through an analytical study using nonlinear dynamic time history analyses. The analytical study covers several parameters for properties of the wood diaphragm. The analyses are performed on an evaluation structure using a two-dimensional finite element (2D-FE) model constructed on the basis of available test data (Tissell and Elliott, 2004) . Using the study results in conjunction with the available test data, a recommendation has been made for the selection of the force reduction factor for the wood diaphragm in the new diaphragm design methodology.
Diaphragm design methodology
The new diaphragm seismic methodology (BSSC IT6, 2014) recognizes large diaphragm inertial forces that can be developed during a seismic event. Evidence exists to indicate that floor accelerations during structural inelastic response may be substantially larger than the design forces prescribed in current code equivalent lateral force (ELF; see Figure 1 (a)-(c)) procedures (ASCE 7-10, 2010) . This fact has been demonstrated analytically (Blakeley et al., 1975; Fleischman et al., 2002; Rodriguez et al., 2002; Fleischman et al. 2013 ) and physically deduced from acceleration measurements whether during earthquakes (Hall et al., 1995) or shaking table tests (Kao, 1998) . Diaphragm forces are underestimated in design because the response modification factor (R) used for lateral force resisting system (LFRS) design, which is tied to the fundamental mode (Eberhard and Sozen, 1993) , is incorrectly applied to diaphragm design in the current code (ASCE 7-10, 2010), whose acceleration demands are tied to higher modes (Rodriguez et al., 2002 ) (e.g. the instantaneous inertial force pattern shown in Figure 1(d) ).
In the new diaphragm design methodology (BSSC IT6, 2014), a rational mode superposition method is used to determine the diaphragm elastic design acceleration (C px ). This method considers structural response of the first and higher modes. The response modification factor (R) is only applied to the first mode response since the diaphragm higher mode response is not limited by the yielding of LFRS (see Figure 1 (d)) whose design strength is reduced by R. The advantages of the new design methodology compared to the current design code are as follows: (1) explicitly including the diaphragm higher mode response, (2) rationally applying the R factor only to the diaphragm first mode response by recognizing the diaphragm higher mode response not limited by yielding of the LFRS, and (3) allowing inelastic diaphragm response under earthquakes by making use of the available diaphragm ductility capacity.
The diaphragm elastic design acceleration (C px ) along the structural height is calculated using equation (1) for top floor, 80% of total height and ground. The diaphragm accelerations at other levels are calculated via linear interpolations
for top floor ð1Þ C pi = 0:9G m1 V 0 C s for the floor at 80% of total height ð2Þ C p0 = 0:4S DS for ground floor ð3Þ
In equation (1), S DS is the design, 5% damped, spectral response acceleration parameter at short period; V o is the overstrength factor; C s is the seismic response coefficient including effects of R; all of them are calculated based on the current design code (ASCE 7-10, 2010). C s2 is the higher mode seismic response coefficient and can be estimated as (0.15n + 0.25) S DS ; G m1 , G m2 are the first and higher mode contribution factors at the top floor and can be estimated as 1 + 0.5(1 2 1/n) for G m1 and 0.9(1 2 1/n) 2 for G m2 , where n is the number of stories.
With the diaphragm elastic design acceleration, the diaphragm design force in the new design methodology is calculated as F px = C px W px /R s (equation (2)), where the R s is the diaphragm design force reduction factor and W px is the floor weight at level x. By introducing the R s factor, the design targets are (1) allowing inelastic diaphragm response under DBE and maximum considered earthquake (MCE) and (2) the inelastic diaphragm demand not exceeding the available diaphragm deformation capacity at MCE. Thus, the design force reduction factor has to be determined based on the diaphragm seismic ductility demand under MCE and available diaphragm ductility capacity for different construction materials. This paper is aimed to evaluate the diaphragm seismic ductility demand for the wood diaphragm and to provide recommendations for the selection of R s in the new design methodology.
Wood diaphragm
As shown in Figure 2 , typical wood diaphragm acts like a deep beam, where the sheathing panel is the ''web'' to resist shear, and the edge framing members perform the function of ''flanges'' to resist bending (APA Design Guide, 2007). The sheathing panel, typically referring to plywood or oriented stand board, is fastened to joists with nails, staples or glue, and so on. Blocking elements can be added between the framing members to obtain a blocked diaphragm for larger shear capacity (see Figure 2 ).
The performance of the wood diaphragm under lateral loads has been investigated using experimental tests for commonly used plywood diaphragm (Tissell and Elliott, 2004) . The tests cover several commonly used plywood diaphragm constructions which are grouped and summarized in Table 1 . Although these available tests were conducted with static monotonic loadings, they can provide basic information on strength, stiffness, and ductility capacity of the wood diaphragm. This information will be used in this paper to set up study parameters and build analytical model for investigating the seismic ductility demand of the wood diaphragm.
Description of study

Prototype structure
A three-story residential building is selected as the prototype structure for this study (see Figure 3 ). The prototype structure has a 58.5 3 16.5 m floor plan with a story height of 2.7 m. The shear wall spacing is adjusted to obtain three different diaphragm aspect ratios (AR): 1.0, 2.0, and 3.0 as shown in Figure 3 .
The LFRS seismic design is performed using ASCE 7-10 (2010) for a generic site: SDC D, S DS = 1.0 and S D1 = 0.6. The wood bracing wall is used as LFRS with R = 6.5, V 0 = 3.0, and C s = 0.154. The ELF calculation is shown in Table 2 for the transverse direction only since the analytical simulations are performed only in this direction. The strength for all the shear walls (V n ) is designed with a 20% overstrength to ELF calculation as shown in Table 2 .
To investigate the relationship between diaphragm seismic ductility demand and diaphragm design force reduction factor (R s ), the diaphragm elastic design force (F elas ) is set as a reference value for R s and is calculated from the diaphragm elastic acceleration (C px ) using equation (1) -(3): G m1 = 1 + 0:5(1 À 1=n) = 1:33;
G m2 = 0:9(1 À 1=n) 2 = 0:4;
The resulting values for F elas are shown in Table 3 .
Study parameters
The study presented in this article involves parameters for properties of the wood diaphragm and for diaphragm designs. The parameters for the wood diaphragm properties include initial stiffness (k i ), yield deformation (D Y ), secondary stiffness (k sec ), overstrength factor (V s ), available diaphragm ductility capacity (m sc ), and diaphragm AR. These factors are derived from the mean test data described in section ''Wood diaphragm'' using a bilinear approximation as illustrated in Figure 4 . The resulting parameters for nine analytical study groups (corresponding to nine test groups in Table 1 ) are shown in Table 4 . As noted, the diaphragm strength and stiffness are coupled. Therefore, the k i and k sec are depended on the diaphragm design strength (F px ) and are not unique for each analytical study or test group. In Table 4 , the numerical values for k i and k sec are shown only for lowest diaphragm strength (R s = 1.5) and highest diaphragm strength (R s = 5.0) at top floor. The design parameters are diaphragm elastic design force (F elas ) calculated in Table 3 and diaphragm design force reduction factor (R s ). The F elas is used as a reference value to calculate the R s which is taken as 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0. These diaphragm design force reduction factors will be repeatedly applied for each diaphragm AR for each analytical study group as shown in Table 4 .
Ground motions
A suite of 10 ground motions selected from historical earthquakes is used for the analytical study (see Table 5 ). The ground motions are scaled using the factors shown in Table 5 to match the 5% damping design spectrum for the generic SDC D site (see Table 2 . ELF calculation.
Story Figure 5 ) at the DBE level. The simulations in the study are also performed at MCE level. Thus, the scaled ground motions are further amplified by a factor of 1.5 (ASCE 7-10, 2010). The analytical results presented in this article are mean values from the 10 ground motions unless otherwise specified.
Analytical modeling
A multiple-degree-of-freedom (MDOF) model, built in finite element program (OpenSees, 2014) , is used for the nonlinear dynamic time history analysis as shown in Figure 6 . The shear wall is modeled as an inelastic shear spring at each floor using Seismic Analysis of Woodframe Structures (SAWS) model developed by Folz and Filiatrault (2002) . The modeling parameters for shear wall are calculated based on the design strength (V n as shown in Table 2 ) and test data from Pardoen et al. (2003) . The diaphragm is modeled as inelastic axial springs using the pinching hysteretic model. Half of floor mass is assigned to the shear wall and diaphragm. The (SAWS) model used in this article has been verified by a shake table test for a two-story wood frame specimen (Folz and Filiatrault, 2004 ). In the model verification, the shear wall is modeled as discreted springs for each wall attached to a rigid elastic diaphragm model. This paper further simplifies the shear wall model as a combined spring for all the walls at each floor (see Figure 6 (b)). To validate this simplification, a combined spring model has been built for the shake table test specimen and is simulated for one of the earthquake inputs (Level 4, 1994 Northridge earthquake) used in the test. The comparison of key structural response is shown in Table 6 , which indicates a good agreement among the combined spring model, discrete spring model, and the test results. The earthquake simulations were performed using Rayleigh damping. The damping coefficients are determined from a modal analysis with the 2% critical damping enforced at the first (fundamental) mode and the third translational mode. It is noted that this damping value is conservative relative to the current code design spectrum (ASCE 7-10, 2010) and was chosen in part on recent findings on the amount of viscous damping in nonlinear systems (Panagiotou et al., 2006) . The dynamic and nonlinear solvers are Newmark implicit algorithm and Modified Newton-Raphson method, respectively. The input and output time step is taken as 0.005 s and results are low-pass filtered at 25 Hz.
Analytical results
Shear wall response
Although this paper focuses on the response of the diaphragm, it is still worthwhile to examine the response of LFRS to make sure that the structural global demand is within reasonable and realistic range since the diaphragm response is influenced by the yielding of LFRS system as discussed in section ''Diaphragm design methodology.'' Figure 7 shows the maximum shear wall inter-story drift for all the earthquake simulations for different analytical study groups. As shown in Figure 7(a) , As seen in Figure 7a , the inter-story drift demand of the shear wall under DBE is less than the current code limitation 2% per (ASCE 7 2010). The shear wall demand at MCE is within a reasonable range from 2% to 3.5% (See Fig. 7b ). figure. First, consider the comparison between group 7 and group 8: the diaphragm secondary stiffness is similar but the initial stiffness of group 8 is much lower than group 7. As seen, the diaphragm with larger initial stiffness incurs much more ductility demand than that with smaller initial stiffness. Second, consider the comparison between group 3 (AR3) and group 7: the diaphragm initial stiffness for these two groups is similar but the secondary stiffness of group 7 is much larger than group 3. As seen, the diaphragm with lower secondary stiffness results in much more ductility demand than that with larger secondary stiffness. Figure 9 shows the diaphragm ductility demand profile along building height for group 1 with different R s . As seen in general, the maximum diaphragm ductility demand occurs at the bottom floor. The ductility demand distribution is more uniform under DBE than that under MCE. Also, it is more uniform for the flexible diaphragm with AR = 3.0 than for the stiff diaphragm with AR = 1.0. For a conservatively design, the R s factor can be developed only based on first floor response and be applied to all the floors for the diaphragm design. Figure 10 shows diaphragm maximum deformation demand among all three floors versus diaphragm yield deformation (D Y ). As expected, the diaphragm deformation demand increases with the increase of design force reduction factors. In general, diaphragm deformation demand increases with the increase of diaphragm yield deformation, which implies that rigid diaphragm incurs less deformation demand than flexible diaphragm. Figure 11 shows the diaphragm ductility demand (m s , maximum value among all three floors) versus diaphragm yield deformation (D Y ) for different diaphragm design force reduction factors. Similar as the diaphragm deformation demand, the diaphragm ductility demand increases with the increase of design force reduction factors. However, in contrary to the diaphragm deformation demand, diaphragm ductility demand decreases with the increase of diaphragm yield deformation, which implies that rigid diaphragm incurs more ductility demand than flexible diaphragm. Figure 12 shows the diaphragm ductility demand (m s ) versus diaphragm design force reduction factor (R s ) for (a) diaphragm with different secondary stiffness (k sec ) and (b) diaphragm with different overstrength factors (V s ). The available diaphragm ductility capacity (m sc ) is indicated as vertical dashed lines. Diaphragms in groups 3 and 7 have similar initial stiffness and diaphragm overstrength but different secondary stiffness as shown in Table 4 . As shown in Figure 12 (a), the diaphragm with lower secondary stiffness shows higher ductility demand for a given diaphragm force reduction factor than that with higher secondary stiffness. This finding is consistent with diaphragm hysteretic response shown in Figure 8 . Diaphragms in groups 2 and 4 have similar initial and secondary stiffness but different diaphragm overstrength as shown in Table 4 . As shown in Figure  12(b) , the diaphragm overstrength does not influence the relationship between R s and m s . However, the diaphragm with higher overstrength has larger available ductility capacity (m sc ) than that with lower overstrength.
Diaphragm response
Relationship establishment between R s and m s
This section discusses the development of relationship between the diaphragm force reduction factor (R s ) and the diaphragm ductility demand (m s ). This relationship is established based on the earthquake simulation results under MCE. A maximum allowable diaphragm design force reduction factor (R s , max ) is developed based on the R s -m s relationship and available diaphragm ductility capacity (m sc , see Table 4 ). The R s , max will be served as recommended values of the diaphragm force reduction factor for the new design methodology for the wood diaphragm. Figure 13 shows the R s versus m s and R s versus maximum diaphragm deformation demand (D) for all nine study groups at MCE. A conservative linear relationship between R s and m s is proposed as R s = 0.31m s + 0.69 (equation (3)) and shown as dashed line in Figure 13 (a). Using equation (3), the maximum allowable diaphragm design force reduction factor can be calculated by replacing m s with m sc for each group.
Alternatively, for a more economic design, the R s , max can be derived separately for each group rather than one conservative equation (equation (3)). Figure  14 shows the R s versus m s for all nine groups separately under DBE and MCE. The available diaphragm ductility capacity (m sc ) is indicated in Figure 14 as a vertical dashed line. The R s , max can be determined as the y-axis value at the intersection between the vertical dashed line and the MCE curve (the dotted line) as indicated in Figure 14 for group 5.
The resulting maximum allowable diaphragm design force reduction factors using equation (3) and Figure  14 are summarized in Table 7 . These values of R s , max are recommended to be used in the new seismic design methodology for the wood diaphragm.
Conclusion
A new seismic design methodology is being proposed for floor diaphragms. This design methodology uses a rational method to calculate the diaphragm elastic seismic design force. To achieve an economic design, a diaphragm design force reduction factor is introduced in the methodology by considering the possible ductility capacity of the diaphragm. This paper presents a preliminary study to investigate the ductility demand for the wood diaphragm with different diaphragm properties and design parameters using the nonlinear dynamic time history analysis. Based on the analysis results, the diaphragm design force reduction factors for wood diaphragms have been proposed and recommended to be used in the new diaphragm design methodology:
A conservatively design equation (equation (3))
is developed for the selection of the diaphragm design force reduction factor (R s ) for the wood diaphragm. (Table 7) of the diaphragm design force reduction factor (R s ) are proposed as alternatives for different types of wood diaphragm constructions.
A set of economic values
According to the results from the study, the following conclusions are drawn for seismic response of the wood diaphragm under earthquakes:
1. The diaphragm ductility demand increases with the increase of the diaphragm design force reduction factor. 2. The stiffer diaphragm typically incurs larger ductility demand than the diaphragm with lower initial stiffness. 3. The stiffer diaphragm typically has less absolute deformation demand than the diaphragm with lower initial stiffness. 4. The diaphragm ductility demand increases with decrease of diaphragm secondary stiffness.
5. The diaphragm overstrength factor has little influence on the relationship between the diaphragm ductility demand and the diaphragm design force reduction factor provided the initial and secondary stiffness are similar. However, it influences the available diaphragm ductility capacity. 6. The maximum diaphragm ductility demand typically occurs at the bottom floor.
The preliminary study presented in this article has the following limitations: only a three-story building is considered in the study; a simple MDOF model is used which cannot examine the local diaphragm seismic behavior; the diaphragm properties and the MDOF model are developed based on monotonic static test data; the diaphragm type is limited to the plywood diaphragm. Therefore, more comprehensive studies with different prototype structures, more sophisticated diaphragm models, and cyclic/dynamic tests for different types of the wood diaphragm are needed in the future.
Appendix 1
Notation C pi diaphragm elastic design acceleration at 80% of total height C pn diaphragm elastic design acceleration at top floor C po diaphragm elastic design acceleration at ground C px diaphragm elastic design acceleration at level x C s seismic response coefficient C s2 higher mode seismic response coefficient C vx vertical distribution factor at level x F diaphragm force F elas diaphragm elastic design force F peak diaphragm peak strength from tests F px diaphragm design force at level x F x lateral seismic force h x height at level x k i diaphragm initial stiffness k sec diaphragm secondary stiffness
